ZntA is a P-type ATPase which transports Zn 2+ , Pb 2+ and Cd 2+ out of the cell. Two cysteine-containing motifs, CAAC near the N-terminus and CPC in transmembrane helix 6, are involved in binding of the translocated metal. We have studied these motifs by mutating the cysteines to serines. The roles of two other possible metal-binding residues, K 693 and D 714 , in transmembrane helices 7 and 8, were also addressed. The mutation CAAC → SAAS reduces the ATPase activity by 50%. The SAAS mutant is phosphorylated with ATP almost as efficiently as the wild type. However, its phosphorylation with P i is poorer than that of the wild type and its dephosphorylation rate is faster than that of the wild type ATPase. The CPC → SPS mutant is inactive but residual phosphorylation with ATP could still be observed. The most important findings of this work deal with the prospective metal-binding residues K 693 and D 714 : the substitution K693N eliminates the Zn 2+ -stimulated ATPase activity completely, although significant Zn 2+ -dependent phosphorylation by ATP remains. The K693N ATPase is hyperphosphorylated by P i . ZntA carrying the change D714M has strong metal-independent ATPase activity and is very weakly phosphorylated both by ATP and P i . In conclusion, K 693 and D 714 are functionally essential and appear to contribute to the metal specificity of ZntA, most probably by being parts of the metalbinding site made up by the CPC motif.
Introduction
P-type ATPases comprise a large superfamily of rather distantly related ion pumps [1] [2] [3] [4] [5] [6] . A common feature of P-type ATPases is that they generate a phosphorylated aspartate as an intermediate in their transport cycles. Most members in the subclass of heavy-metal-transporting P-type ATPases (P 1B -type ATPases) have two kinds of cysteine-containing sequence motifs involved in binding of the substrate ion (Zn 2+ , Cd 2+ , Pb 2+ , Co 2+ , Cu 2+ , Ag + , or Cu + ): a CXXC motif near the Nterminus in the cytoplasmic domain and a CPC motif located in the transmembrane (TM) domain.
Typically, the CXXC motif is present in 1-6 copies. In Cu + -ATPases, it binds copper [7, 8] , whereas in ZntA it has been shown to bind Zn 2+ [9] . The three-dimensional structures of both types of CXXC domains have been determined [8] [9] [10] [11] . Comparison of the structures shows that the zinc-specificity of the ZntA CXXC domain is conferred by an aspartate side chain, which participates in zinc binding [9] . Cu + -ATPases lack this Asp residue. Deletion and mutagenesis studies suggest that the N-terminal CXXC motif is not necessary for the function of the ATPase [12, 13] , although it is needed for maximal activity. However, in the eukaryotic Cu + -ATPases one of the six CXXC domains is necessary for function in vivo [14 15] . It has been shown that CXXC domains are involved in receiving copper from copper chaperones [16] [17] [18] [19] [20] and in correct intracellular trafficking of the ATPase [21, 22] .
The other region which plays a role in binding of the substrate heavy metal cation carries the signature CPC in the sixth transmembrane helix of ZntA. In some members of the family, the corresponding sequence reads CPH, CPS, SPC, TPC or APS [23] . The proline of the motif is conserved throughout the whole family of P-type ATPases. In Ca 2+ -ATPase, the equivalent Pro is flanked by Glu 309 which is one of the residues coordinating the transported Ca 2+ ions [5, 24] . Mutating the cysteines in CPC motif results in inactive enzyme [25] [26] [27] [28] [29] , as expected if the cysteines form at least part of the binding site for the translocated metal ion.
The metal specificity of P 1B -type ATPases is partially controlled by the residues flanking the central Pro: Cu 2+ -ATPases carry the sequence CPH [23, 30] , whereas the sequence SPC appears to correlate with Co 2+ -translocation activity [31] . However, the most common form of the motif is CPC. It is found in enzymes transporting Cu + and Ag + as well as in enzymes specific for Zn 2+ , Cd 2+ and Pb 2+ , suggesting that there are additional factors which control the metal specificity [23] . In order to identify those determinants of metal specificity, Mandal et al. performed an extensive mutagenesis study [32] . They concluded that, in a Cu + -ATPase, several residues in TM helices 7 and 8 are involved in copper binding, most likely together with the CPC motif in helix 6. Moreover, studies on mice carrying the Toxic milk phenotype had showed that this disease is caused by a mutation of Met 1356 (equivalent to Met 711 of A. fulgidus CopA, Asp 714 of ZntA, and Asp 800 of Ca 2+ -ATPase, see below) in the TM helix 8 of Wilson disease Cu + -ATPase [33] . This finding then led to the idea of a TM 8 as part of a "copper channel" [34] , disrupted by the disease mutation of the invariant Met of Cu + -ATPases. Recent work suggests that the occurrence of the well conserved residues in TM helices 7 and 8 correlates with Cu + -stimulated ATPase activity, defining the P 1B-1 group of P-type ATPases [23] . In the subgroup 1B-2 (Zn 2+ -ATPases), a different set of residues is conserved in TM helices 7 and 8. Of particular interest are two invariant charged residues, viz. [5] . Analogously, Lys 693 and Asp 714 may be responsible for the metal specificity of ZntA, although this has not been studied experimentally before. More generally among the P 1B -type ATPases, it is likely that the metal specificity of each enzyme is determined by (i) the exact sequence of the CPC motif and (ii) by other sequences (such as those in TM helices 7 and 8) located more distantly in the primary structure, and/or (iii) slight differences in the geometry of otherwise identical metal ligands [29] .
In this work, we have tested the hypothesis [23] that residues in transmembrane helices 7 and 8 contribute to the metal-binding properties of the CPC motif. As discussed before [23] , these two residues are invariant in the subgroup-1B-2 of P 1 -type ATPases. The substitution K693N results in a complete loss of the zinc-stimulated ATPase activity. Intriguingly, the mutation D714M brings about a metal-independent ATPase activity, suggesting that this mutation uncouples the ATPase and metal-binding functions.
In addition, we have mutated the CAAC and CPC motifs of ZntA, an E. coli P 1B -type ATPase specific for Zn 2+ , Cd 2+ and Pb 2+ [35] [36] [37] . Our results show that replacing the cysteines in the CAAC motif with serines decrease the ATPase activity by ca. 50%. In this mutant, phosphorylation from P i occurs with reduced efficiency whereas dephosphorylation is faster than in the wild type ZntA. These data suggest that the CAAC domain may regulate the dephosphorylation and state conversion parts of the ATPase catalytic cycle involving the steps E 2 -P → E 2 → E 1 .
Materials and methods

Mutagenesis
Mutants were generated using PCR as described before [38, 39] . Each mutation was verified by DNA sequencing.
Strains and expression and of His-tagged ZntA
Wild type and mutated versions of ZntA were expressed as N-terminally His-tagged recombinant proteins using in Escherichia coli TOP 10 strain [38] . Expression of the protein from pTRCHisA vector (Invitrogen) was induced with 100 μM isopropyl-β-thiogalactoside (IPTG) 1 h 45 min after inoculation. Cells were harvested 5 h after induction and stored at −20°C.
Isolation of membranes
The membrane fractions of the cells were isolated using the protocol of Okkeri et al. [40] . The membranes were suspended into the storage buffer (50 mM Tris-Cl, pH 7.5, 300 mM NaCl, 20% glycerol, 2 mM β-mercaptoethanol, 0.5 mM PMSF) to a final protein concentration of 10 mg/ml and stored at − 70°C. Protein concentration was measured with the BCA protein assay kit (Pierce). The expression levels of the mutants were analyzed using SDS/PAGE (30 μg of protein on each lane) combined with Coomassie Blue staining. Expression levels of the wt and mutant proteins were determined by growing four batches of each strain followed by the isolation of membrane fractions, SDS/PAGE and Coomassie Blue staining of the acrylamide gels. Care was taken not to overload the gels. The staining intensity of the 80 kDa and 67 kDa bands was quantitated with AIDA software (version 2.00, Raytest Isotopenmessgeräte GmbH). All subsequent data were normalized so that the results do not depend on the differences in the expression levels among the mutants. The normalization factors were: wt 1.0 ± 0.14; the SAAS mutant, 3.3 ± 0.51; the SPS mutant, 2.3 ± 0.32; the K693N mutant, 2.1 ± 0.35; the D714M mutant, 0.80 ± 0.14 and the K693N/D714M mutant, 1.5 ± 0.25.
ATPase activity measurements
The ATPase activity of the membrane fraction was determined with the inorganic phosphate analysis method as described [38, 41] . The assay was carried out at 37°C in 100 mM MES, pH 6.0, 200 mM KCl, 5 mM MgCl2. When testing for vanadate sensitivity, 70 μM orthovanadate was used.
Phosphorylation assays
Phosphorylation assays with [γ- 33 P] ATP and 33 P i (Amersham Pharmacia) were carried out as described by Okkeri et al. [38] [39] [40] , except that in the P i phosphorylation assay 40% DMSO was used to enhance the phosphorylation reaction. When testing the metal sensitivity of P i phosphorylation, the concentration of each metal ion was 50 μM. Cu + was stabilised with 5 mM dithiothreitol. Phosphorylation experiments with ATP and P i were carried out on ice and at room temperature, respectively. In order to enhance labelling, some ATP phosphorylation assays with the D714M mutant were also carried out for 5 min on ice, or for 30 s at room temperature. The analysis of the phosphorylated samples on acidic 8% SDS/PAGE gels and imaging of the gels by a BAS-1800 Bio-imaging analyzer (Fuji) were performed as described previously [40] . On polyacrylamide gels, the ZntA protein is present in three forms: as a monomer with an apparent molecular mass of ca. 92 kDa, as a dimer of 190 kDa and as a proteolytic fragment of 67 kDa, which has lost the first 71 residues [39] . The full-length forms behave identically in the phosphorylation assays, but the fragment dephosphorylates more slowly than the monomer and dimer (see Fig. 5 in Results). In ATP and P i phosphorylation assays the phosphorylation levels represent the sum of all three phosphorylated forms.
Dephosphorylation assays
The dephosphorylation protocol in the presence and absence of ADP has been described in detail [39] . Membrane proteins were first phosphorylated by ATP as in the phosphorylation assay described above. In order to prevent further phosphorylation EDTA was added after 30 s. The progress of the dephosphorylation reaction was measured by taking aliquots at certain time points. To these aliquots 10% TCA was immediately added to stop the dephosphorylation reaction. The samples were analyzed with acidic SDS/PAGE as described above. The t 1/2 s for the dephosphorylation reactions were determined by exponential fits to the data using the program ORIGIN.
Results
In this study, cysteines of the N-terminal metal-binding motif C 59 AAC, as well as in the motif Cys 392 -Pro-Cys in the sixth TM segment of ZntA were changed to serines (the SAAS and the SPS mutants, respectively). In a second set of mutants, the two charged residues Lys 693 and Asp 714 located in the middle of TM segments 7 and 8, were converted into Asn and Met, respectively, to mimic the corresponding region in Cu + -ATPases (cf. [23, 32] ).
Expression and ATPase activities of the mutants
Expression levels of three of the mutants are higher than that of the wild type (Fig. 1) . In order to eliminate the dependence of activity and phosphorylation data on the abundance of each mutant protein in the membrane, we have normalized all data to the same protein concentration (Isolation of members). Only the D714M ATPase is less abundantly expressed than the wt ATPase: it is present at 80% of the wt level. In addition, its major form migrates near to the 67 kDa marker, suggesting that D714M ATPase is particularly prone to the proteolytic cleavage of the 71 N-terminal residues (see [39] ). The SAAS mutant retains about 50% of the wt ATPase activity (Fig. 2) , whereas all the other mutants show more dramatic activity losses or changes in the metal ion dependence of the ATPase activity. The K693N ATPase is inactive, whereas the D714M mutant has a distinct metal-independent ATPase activity (see ATPase activities of the K693N and D714M mutants). These clear phenotypes suggest that both residues have an important functional role. The SPS mutant inactive, as expected for a mutant with a non-functional binding site for the translocated metal ion (cf. [29] ).
Phosphorylation of the cysteine mutants with ATP
Binding of the substrate metal ion into the translocation site (formed at least partially by the CPC motif in ZntA) initiates the catalytic cycle of an ion-translocating P-type ATPase. Ion binding then triggers transient ATP-driven phosphorylation of an aspartyl side chain. The formation and decay of this stable phosphointermediate, characteristic of all P-type ATPases, can be monitored using [γ-
33 P]-ATP. Phosphorylation assays with [γ-
33 P]-ATP show that the SAAS mutant is phosphorylated slightly less effectively than the wt (Fig. 3A) . The change of the CPC motif to SPS results in an almost complete loss of zinc-stimulated phosphorylation by ATP. using membrane fractions of each mutant using an assay for P i liberated by the ATPase [38, 41] . The background activity of measured in the absence of Zn 2+ has been subtracted. Error bars indicate the standard deviation (n = 9). The activities shown have been normalized to be independent of the expression level.
The residual phosphorylation (ca. 1% of the wt level in the presence of 10 μM Zn 2+ ; Fig. 3B ) is still metal-dependent, suggesting that the mutated CPC site can bind zinc, albeit weakly.
Phosphorylation of the cysteine mutants by P i
In the above assays, phosphorylation by ATP yields first an enzyme in a high-energy state denoted E 1 -P, which, upon translocation of the bound metal ion, is converted into a lowenergy state E 2 -P. Experimentally, E 2 -P can be generated by incubating the ATPase with 33 P i in the presence of 10-40% DMSO and in the absence of substrate cations. Because the E 1 state has a higher affinity for zinc ions than E 2 , the presence of zinc stabilises E 1 thereby preventing formation of E 2 -P by phosphorylation with P i . A prerequisite for this effect is that the metal-binding site is functional. Phosphorylation assay with 33 P i thus probes the E 2 state and can be used to study the effect of mutations on the formation of E 2 -P. In addition, since the formation of E 2 -P is normally inhibited by metal ion binding, the sensitivity of E 2 -P to metal ions can be related to the integrity of the metal-binding site.
The SAAS mutant shows a reduced level of phosphorylation by P i (50% of the wt level; Fig. 4 ). In addition, the E 2 -P state of the mutant is more sensitive toward the presence of zinc than the E 2 -P of the wt, as if its affinity for zinc had become higher. The SPS mutant is phosphorylated very poorly by P i even in the absence of zinc (which is somewhat unexpected because, as discussed above, metal binding is not required for phosphorylation with P i ).
Dephosphorylation of the SAAS mutant
To investigate the role of the CAAC motif further, we measured the dephosphorylation kinetics of the SAAS mutant. During the normal catalytic cycle, the E 1 -P state is converted into E 2 -P, which is hydrolyzed to give E 2 and then E 1 . Hence mutations which inhibit the E 1 -P → E 2 -P transition or the hydrolysis of E 2 -P should both slow down the dephosphorylation kinetics. However, only a mutant with a slow rate of the E 1 -P → E 2 -P transition should exhibit faster dephosphorylation in the presence of ADP. The reason for this is that ADP will react with the E 1 -P intermediate to synthesize ATP in the reverse direction of the catalytic cycle (see [39] ).
In Fig. 5 , we analyze the dephosphorylation kinetics of the SAAS mutant. The dephosphorylation behaviour of a proteolytic fragment of ZntA is also shown; this 67 kDa fragment lacks 71 N-terminal residues, among them the metal-binding domain carrying the CAAC motif [39] . Despite the loss of the N-terminal region, it is easily phosphorylated with ATP or P i . The presence of the mutated N-terminal metal-binding domain results in faster dephosphorylation kinetics [t 1/2 (SAAS) ≈ 5 s and t 1/2 (WT) ≈ 6 s], whereas the absence of the 71 N-terminal residues yields slower dephosphorylation (t 1/2 ≈ 8 s) in the forward reaction. In the presence of ADP (the inset in Fig. 5 ), the dephosphorylation rates of the SAAS mutant and the fragment are no different from the wt. These data suggest that the faster dephosphorylation kinetics is related to the faster decay of the E 2 -P state in the SAAS mutant.
ATPase activities of the K693N and D714M mutants
Recently, Argüello [23] proposed that the metal specificity of P 1B -type ATPases depends, in addition to the CPC-motif in TM helix 6, on residues located in TM helices 7 and 8. Extensive mutagenesis studies with a Cu + -ATPase support this idea [32] . Regarding ZntA, two well-conserved charged residues, Lys 693 and Asp 714 in the hydrophobic cores of TM helices 7 and 8, attracted our attention. In order to study their roles we decided to replace them with an Asn and a Met, the residues found in analogous positions of Cu + -ATPases. From the analysis of the ATPase activities of the K693N and D714M mutants, two points emerge (Fig. 6A) : First, both mutants have lost their zinc-stimulated ATPase activity. Second, in the absence of added metal ions, the D714M protein has ca. 100% higher ATPase activity than the wt (Fig. 6A ). This activity is not stimulated in the presence of a metal ion; rather, it is inhibited slightly by zinc and, more potently, by copper (Fig.  6B) . We also tested the activity of the mutants with Cu + , Cd 2+ , Pb 2+ , Co 2+ , Ni 2+ and Ag + at a concentration range of 5-300 μM, but the mutants were not activated by any of them (results not shown).
Phosphorylation of the K693N and D714M mutants by ATP
The wt ZntA is phosphorylated not only in the presence of its substrate ions Zn 2+ , Cd 2+ and Pb 2+ , but also in the presence of Cu 2+ , although the wt enzyme has no detectable Cu 2+ -stimulated ATPase activity [38] (cf. Figs. 6B and 7) . In contrast, the K693N and D714M mutant enzymes are poorly phosphorylated with ATP in all conditions tested (Fig. 7) . In particular, they show markedly reduced Pb 2+ -stimulated ATP-phosphorylation compared to phosphorylation in the presence of Zn 2+ or Cd 2+ . Their Cu 2+ -dependent ATP-phosphorylation has been lost almost completely. In the presence of Zn 2+ and Cd 2+ the K693N mutant is still phosphorylated, albeit at a highly reduced level, despite the fact that there is no ATPase activity in the presence of these ions. The D714M enzyme, while showing a high metal-independent ATPase activity ( Fig. 6A) , shows strikingly poor phosphorylation with ATP. Increasing the incubation time with ATP from 0.5 min to 5 min, or labeling at ambient temperature, resulted however in significantly better labeling with 33 P-ATP (unpublished data), showing that mutation does not prevent the formation of the stable phosphorylated intermediate. Rather, it appears that the phosphorylation reaction in the D714M enzyme is significantly slowed down compared to the wt.
Phosphorylation of K693N and D714M ATPases by P i
In the standard P i -phosphorylation assay with no zinc present, the two mutants behave in opposite ways: the K693N ATPase is hyperphosphorylated (Fig. 8B) , whereas the D714M protein is hypophosphorylated (Fig. 8C) .
As shown in Fig. 8A , P i -phosphorylation of the wt enzyme is inhibited by Zn 2+ and to a lesser extent by Cu 2+ , because metal binding stabilises the E 1 and destabilises the E 2 state. The effect of Cu + is much weaker than that of Cu 2+ , suggesting that the wt binding site has a low affinity toward Cu + . Importantly, the E 2 -P state of the K693N ATPase has become much more sensitive to Cu 2+ and Cu + than to Zn 2+ (Fig 8B) . We conclude that, contrary to the behavior in the phosphorylation experiment with ATP (Fig. 7) , in the P i phosphorylation experiment the metal binding site of the K693N ATPase appears to favour Cu 2+ and Cu + over Zn 2+ . Unlike the wt or the K693N mutant, the poorly occupied E 2 -P state of the D714M ATPase responds equally to the presence of Zn 2+ , Cu 2+ and Cu + (Fig. 8C ). Fig. 8 shows that the K693N and D714M mutants have opposite and non-wild-type P i phosphorylation phenotypes even in the absence of metal ions. This can be considered somewhat unexpected assuming that the mutated residues participate in binding of the metal ion to be translocated. Yet, the changes in the absence of metal ions can be rationalized if one assumes that the structure of the metal-binding site is coupled to the E 1 /E 2 conformational equilibrium of the ATPase (see Discussion). In order to get further information about the function of K 693 and D 714 we decided to construct a double mutant harboring both the changes K693N and D714M in the same ATPase molecule. The double mutant displays very weak ATP phosphorylation and low ATPase activity in the absence and presence of metal ions (data not shown). In the ATPphosphorylation experiment, the double mutant still shows a preference for Zn 2+ over Cu 2+ . Cu + does not stimulate phosphorylation. In the absence of Zn 2+ or Cu 2+ , the double mutant is phosphorylated nearly normally by P i (Fig. 8D) , suggesting that it can adopt a normal E 2 state. Still, the mutant shows an altered metal sensitivity: its phosphorylation by P i appears to be more sensitive to Cu + and Cu 2+ than to Zn 2+ (cf. Figs. 8A and D) . This behaviour might be due to a change in metal specificity so that the double mutant has a higher affinity toward Cu + and Cu 2+ than Zn 2+ .
The double mutant
Discussion
In this study, we address the metal-binding sites of a bacterial zinc-transporting P-type ATPase: the N-terminal metal-binding site CAAC, the TM metal-binding site CPC as well as the tentative metal-binding residues K 693 and D 714 in TM segments 7 and 8. The latter two may be structural parts of the CPC site [23, 32, 52] . A variant of the CPC motif forms the TM binding site for the translocated metal ion and is therefore essential for function [25] [26] [27] [28] [29] . However, the most commonly found type of the motif, CPC, is present both in Cu + -ATPases and Zn 2+ -ATPases and therefore additional determinants for metal specificity must exist. In ZntA, prime candidates for this function are the charged intramembrane amino acid residues K 693 and D 714 which are invariant in the 1B-2 subgroup of P 1 -ATPases. Since in the subgroup 1B-1 (Cu + -ATPases) the counterparts of these two charged residues appear to be N 683 and M 711 [32] , we envisioned that the substitutions K693N and D714M may produce some interesting changes in the metal activation of ZntA. As shown in the previous section, both mutants have clearly altered catalytic properties. A main conclusion of this study is that K 693 (Fig. 2) and (ii) causes a slight reduction in phosphorylation by ATP, which probes the formation of the E 1 -P state (cf. [12, 13, 34, 44, 45] ). Considering that the ATPase activity of the SAAS mutant is about half of the wt activity it is unlikely that the small reduction in the formation of the E 1 -P intermediate (thought not to be the rate-limiting step of the pump cycle) could account for the activity loss. We thus propose that the mutation interferes mainly with other parts of the catalytic cycle, e.g., by slowing down the transitions E 1 -P → E 2 -P or E 2 → E 1 (see below).
The SAAS mutant shows clearly weakened phosphorylation by P i (Fig. 4) , a finding not reported before. In the presence of zinc, this phosphorylation defect is more pronounced (cf. the relative phosphorylation intensities in the presence 2 μM Zn 2+ in Fig. 4) . Metal binding to the CPC site (the only functional binding site in the SAAS mutant) normally stabilises the E 1 state, which cannot be phosphorylated by P i . So it appears that the mutant tends to favour the E 1 and disfavour the E 2 -P state. However, the faster dephosphorylation kinetics of the SAAS . The phosphorylation reaction was carried out in 40% DMSO at room temperature. As indicated, the samples were incubated in presence of 50 μM Zn 2+ , Cu 2+ or Cu + or no metal prior to the labelling with 33 P i . Error bars show the standard deviation (n = 4 for Zn 2+ and Cu 2+ , n = 3 for Cu + ). The phosphorylation levels have been normalized to render the data independent of the expression level of each mutant. mutant suggests that it favours the non-phosphorylated E 2 state.
Taken together, in the SAAS mutant (i) the E 1 -P state forms almost normally (Fig. 3A) , (ii) there is a reduction in the formation of the E 2 -P state (Fig. 4) (iii) there is accelerated dephosphorylation along the reaction sequence E 1 -P → E 2 -P → E 2 (Fig. 5) in spite of about 50% reduction of steady state ATPase activity (Fig. 2) . While it is difficult combine data from a more thermodynamic experiment (phosphorylation by P i ) and from kinetic experiments (the dephosphorylation and ATPase activity measurements), a feasible conclusion is that in the SAAS mutant the E 2 -P state may be destabilised (the rate of the transition E 2 -P → E 2 is increased) and the transition E 2 → E 1 has become slower. The latter would be the rate-limiting step of the ATPase catalytic cycle, accounting for the reduced activity. In support of this idea, the SAAS mutant was observed to be slightly more sensitive to vanadate (data not shown), as expected for a mutant favouring the E 2 state. Also, a similar phenotype has been demonstrated with a mutant of Ca 2+ -ATPase [46] . Fig. 5 also shows that the proteolytic fragment of ZntA (with no CAAC domain at all) dephosphorylates more slowly than the full-length ZntA. In addition, the fragment tends to phosphorylate with P i more strongly than the wt. These findings may imply that the absence of the whole CAAC domain stabilises the E 2 -P state. In agreement with our results, Mana-Capelli et al. [30] observed slow dephosphorylation kinetics with Nterminally truncated CopB ATPase of A. fulgidus. However, the same group reported that site-specific mutants of A. fulgidus CopA in which the cysteines of the CXXC motif were substituted with alanines also showed slow dephosphorylation [44] , in contrast to our data (Fig. 5) . The reason for this difference is unclear; the A. fulgidus proteins are however thermophilic and halophilic and their behaviour could differ from mesophilic proteins such as ZntA. Finally, in line with our results, a mutant of Menkes disease Cu + -ATPase in which its six N-terminal CXXC motifs were all changed to SXXS motives showed faster dephosphorylation kinetics in spite of very low steady state ATPase activity [34] . The authors concluded that their SXXS mutant favours the E 2 state.
The slower dephosphorylation kinetics of the N-terminally manipulated A. fulgidus ATPases was postulated to be caused by inhibition of a rate-limiting metal release from the translocation site [44] , leading to the accumulation of the species E 2 -P. The mechanism of this inhibition, equivalent to an apparent increase in metal affinity, was proposed to be conformational, depending on the interaction of the N-terminal domain with the other cytoplasmic domains as well as with the TM domain carrying the translocation site. Similar interactions in P 1B -ATPases have been characterised by several research groups [12, 47, 48] . Moreover, the N-terminal region of Ca 2+ -ATPase is known to fold together with the actuator domain [5] , which in turn is implicated in the dephosphorylation part of the catalytic cycle [2, 49] . Taken together, data from our and other studies are consistent with the idea that the CXXC domain interacts conformationally and in a metal-dependent fashion with the phosphorylation and/or actuator domains of P 1B -ATPases. This interaction may influence the release of the bound metal ion from the CPC site and controls mainly the stabilities E 2 -P and E 2 states.
Contrary to the behaviour of Ca 2+ -ATPase with a mutation in a Ca 2+ ligand [24] , the SPS mutant of ZntA shows a dramatic drop in P i phosphorylation (Fig. 4) , implying that the mutant ATPase is unable to adopt the E 2 state. In line with this interpretation, Lowe et al. [28] concluded that in yeast Cu + -ATPase the change CPC → SPC results in stabilisation of the E 1 -P state. Yet, Liu et al. [29] found that the CPC → APA change of ZntA produced a protein that could be phosphorylated only by P i and not with ATP, suggesting that this mutant prefers the E 2 state. These apparently contradictory results could imply that the CPC site acts like a conformational hinge controlling the E 1 /E 2 equilibrium. Different substitutions of the metal binding residues produce subtly different steric effects and can therefore shift the E 1 /E 2 equilibrium to opposite directions.
Replacing the cysteines by serines in the CPC site does not totally abolish metal-dependent phosphorylation with ATP, suggesting that other metal ligands could exist in the site. In A. fulgidus CopA (a Cu + -ATPase; subgroup 1B-1), among the subgroup-invariant residues thought to be responsible for copper specificity are N 683 and M 711 . In ZntA, a member of the 1B-2 subgroup (Zn 2+ /Cd 2+ /Pb 2+ -specific ATPases), these are replaced by the two charged residues K 693 and D 714 [23] . We have studied here the consequences of substituting these with their counterparts in copper-ATPases. Our study seeks an answer to the questions: Do the mutations alter the Zn 2+ -activation of ZntA? Does the mutated ZntA now show any properties of a copper-ATPase? Fig. 6A shows that both the K693N and D714M mutants have lost the Zn 2+ -stimulation of the ATPase, consistent with the idea that the mutated residues could be involved in the formation of a metal-binding site needed for the activation of ATPase. 1 Neither of the mutants show any activity in the presence of Cu + (results not shown), but the K693N mutant might possess a slight Cu 2+ -induced ATPase activity, although, owing to the experimental error involved, this is difficult to know for certainty (Fig. 6B) . The mutant D714M exhibits markedly elevated metal-independent ATPase activity of 150 nmol ATP min − 1 mg prot − 1 , which is partially inhibited by Cu 2+ . So it appears that the D714M mutation brings about decoupling of zinc binding and ATP hydrolysis. A similar uncoupled phenotype has been reported with the D684A mutant of AHA2 which is a plant P 2 -type H + -ATPase [51] . 1 During the editorial process of this paper, a study by Dutta et al. was published [52] . The main conclusion of Dutta et al. is that D 714 of ZntA is a metal binding residue which functions together with the CPC site. Our data is in line with this conclusion. Yet, our D714M mutant shows a more complex phenotype than mutants reported in [52] . In contrast to the mutants of Dutta et al. (which have low activity) the D714M ATPase has relatively high ATPase activity which is metal-independent. mutation D714M, the D684A mutant of AHA2 is impaired in the E 1 → E 2 transition. It thus seems that D 714 and its equivalents play a crucial role in binding the translocated ion and in coupling the binding event to the ATPase domain and further to the E 1 /E 2 equilibrium. A further possibility is that ZntA also transports protons and that D 714 is involved in proton binding. Finally, we note that the uncoupled phenotype of the D714M ZntA resembles that of the D583A mutant of the E. coli Kdp-ATPase [50] . Interestingly, the latter mutation targets a subgroup IA invariant aspartate located in the middle of a TM segment.
In the P i -phosphorylation assay, the K693N mutant yields a hyperphosphorylated enzyme, which is relatively insensitive to Zn 2+ (Fig. 8B ). This behaviour suggests that the mutant enzyme prefers the E 2 -P state. In the presence of Cu 2+ or Cu + , the E 2 -P state of the K693N mutant is less stable than in the presence of Zn 2+ . This behaviour is in line with the idea that the metal binding site of K693N ATPase has become more specific to copper than to zinc. Yet, the ATPphosphorylation level of the K693N mutant is some 15% of the wt in the presence of zinc but only 1% in the presence of copper (Fig. 7B) . We conclude that the main effect of the mutation K693N is to shift the E 1 /E 2 balance toward E 2 . The mutation results in altered metal specificity in ATP and P i phosphorylation. However, there is no unequivocal indication of copper-specificity. The lack of measurable Zn 2+ -stimulated activity of the K693N ATPase may reflect its weak ability to bind Zn 2+ and to occupy the E 1 state necessary for initiation of the catalytic cycle. In the plant H + -ATPase AHA2, mutating the residue R 655 (which corresponds to K 693 of ZntA) results in low ATPase activity and stabilisation of the E 1 state [51] . Although in K693N ZntA the stabilised state is E 2 , the conclusion about the role of R 655 of AHA2 in controlling the E 1 /E 2 balance [51] appears to hold also with the homologous residue K 693 of ZntA. In spite of the substantial defects in metal-dependent phosphorylation ( Fig. 7C and 8C) , the D714M mutant has a relatively high, metal-independent ATPase activity (Fig. 6 ). It appears that the peripheral ATPase domain of the D714M ATPase is no longer controlled by metal binding/release in the TM domain. A plausible explanation for this phenotype is that the mutated metal-binding site mimics an occupied metal binding site even when empty. Since the occupied binding site normally communicates with the ATPase site via the protein structure and activates phosphoryl transfer from ATP, the "mutationally occupied" metal binding site also results in activation of the ATPase. So we conclude that both K 693 and D 714 produce significant changes in the metal activation of the ATPase. These residues also influence the conformational E 1 /E 2 equilibrium, as expected for structural elements involved in coupling the binding site for the translocated metal ion to the catalytic phosphorylation site.
Finally, the charged residues K 693 and D 714 are likely to be located in the middle of adjacent TM helices. If both residues are parts of the metal binding site, their charges should disappear or be neutralized when a bivalent cation binds to the site in the E 1 state. In the absence of a ligand, in the E 2 state for example, their charges may be neutralized by formation of an intramembrane Lys-Asp ion pair. There would thus be formation and dissociation of an ion pair during catalysis. Incidentally, the sum of the van der Waals volumes of K and D side chains is 226 Å 3 , whereas the corresponding sum for N and M is 220 Å 3 . These almost equal volumes could also imply a structural interaction (between N and M in Cu + -ATPases and K and D in Zn 2+ -ATPases). In such a case, mutating either of the charged residues of ZntA to a non-charged residue would result in an unfavourable intramembrane net charge and a severe phenotype, as observed with the K693N and D714M mutants above. In contrast, a doubly mutated ATPase, carrying both the changes K693N and D714M in the same protein molecule, could show a milder phenotype. To study this possibility, we have constructed the double mutant and characterized it (Fig. 8D) . Making the two mutations to the same enzyme molecule does indeed reverse the defect in P i phosphorylation resulting in an almost wt-like phenotype in the absence of Zn 2+ or Cu 2+ . Consequently, it appears that a normal E 2 state can be formed in the K693N/D714M double mutant, consistent with the idea that N and M can together fill The double mutant has very low metal-stimulated ATPase activity (similar to the K693N ATPase) and is poorly phosphorylated with ATP (phosphorylation levels similar to the D714M ATPase). It is thus clear that steps requiring an occupied TM metal-binding site are blocked in the double mutant. Although N and M are the residues found in copper-ATPases, there is no copper-induced ATP phosphorylation or ATPase activity. The double mutant has a defect in the E 1 state.
In summary (see Table 1 ), our results indicate that the Nterminal CAAC domain of ZntA enhances the maximal catalytic rate of the enzyme in a metal-dependent manner. We propose that the regulatory action of the CAAC domain deals with dephosphorylation and metal release parts of the catalytic cycle involving the transitions E 2 -P → E 2 → E 1 . The residues K 693 and D 714 play an important catalytic function in coupling the metal binding and ATPase activities. A simple explanation for the present results is that they participate directly in metal binding within the TM domain in combination with the residues of the CPC site. They are also likely to contribute to the metal specificity of the enzyme.
